Since the discovery of the TTF-TCNQ charge transfer complex as the first metallic material composed of molecules, many other molecular metals were reported. It was however only recently that the first metal-free single-component organic metal was characterized by Kobayashi et al. Although the measured properties of a poorly crystalline sample clearly showed metallic behavior, the crystal structure itself could not be solved, so that the conduction mechanism in this material is still unknown. Here, we present the results of theoretical crystal structure prediction calculations for the TED molecule, accompanied by electronic DOS and band structure calculations which indicate band transport. arXiv:1911.02375v1 [cond-mat.mtrl-sci] 
Introduction
Metallic behavior is classically associated with inorganic elements and compounds, and metals have since long been used as materials for tools due to properties such as malleability, ductility, toughness as well as resistance towards oxidation or other kinds of degradation. From a physics viewpoint, the modern definition of a metallic solid (or cluster) is based on its electronic structure and requires the absence of a band gap, i.e. a finite electronic density of states (eDOS) at the Fermi level. This distinguishes metals from other solids for which the eDOS vanishes at the Fermi level, such as insulators (large gap between the valence and conductance band) or semiconductors (small band gap with respect to thermal energy). Organic molecules usually display large HOMO-LUMO gaps, which typically results in insulating behavior in the solid state. One class of known exceptions to this rule are organic solids comprising 1:1 chargetransfer (CT) complexes, which were first discovered in 1973 at the example of tetrathiafulvalene (TTF) and tetracyanoquinodimethane. 1 These CT based organic metals inherently consist of two molecules, a donor as well as an acceptor, and all other known * wolfgang.wenzel@kit.edu single-component molecular metals contain at least one metallic element such as e.g. the nickel complexes [Ni(ptdt) 2 ] 2 and [Ni(tmdt) 2 ]. 3 Neutral radical molecules have also since long been discussed as possible candidates 4 but the usually poor orbital overlap in the corresponding crystals leads to narrow partially filled bands of localized states.
It was only in 2017 when metallic behavior was found for the first time for a single component pure organic, i.e. metal-free, material consisting of only one type of molecule by Kobayashi et. al., for which 'copper-like' conductivities of 1000 S cm −1 at 50 K and 530 S cm −1 at 300 K were measured. 5, 6 This tetrathiafulvalene extended dicarboxylate radical (TED, see fig. 1 ), is comprised of a neutral zwitterion containing a radical cationic bistetrathiafulvalene unit, whose positive charge is compensated by a carboxylate group stabilized via an intramolecular hydrogen bond. SEM images revealed a flat layered structure of the material, but no detailed information about the solid-state structure is available as attempts to obtain single crystals of the TED radical have failed to date. Hence, the conduction mechanism of this new class of organic metals is presently unknown.
Results
In order to be able to compute the electronic structure of the material, we have, as a first step, computed the structure of the TED radical in the gas phase using molecular quantum-chemical calculations at the DFT level, and our results are in good agreement with those previously reported. 5 The two condensed TTF units are slightly bent with respect to each other in the gas phase and the radical cationic part of the zwitterion is localized on the TTF unit bearing the carboxyl groups as shown by a plot of the spin density ( fig. 1a ). When we simulated the molecule in a fictitious solid environment with permittivities of ≥ 12 using the COSMO model, structure optimization yielded almost perfectly planar structures, in which the positive charge is delocalized over both TTF units (see also table A1 in the appendix). The corresponding increase of the dipole moment explains why the molecule is bent in vacuum. An analysis of the electronic structure of the molecule showed that the two highest (partially) occupied molecular orbitals (HOMO and SOMO, see fig. 1b and c) have π-character and their partial occupation makes them ideally suited for π-stacking.
We then performed a crystal structure prediction based on this structure using the USPEX code by Oganov et al. [7] [8] [9] [10] with Z = 4 molecules per unit cell, which is the minimum necessary for an electrostatically favorable 3D periodic arrangement of dipoles. The energy of all structure models was calculated using periodic plane-wave DFT calculations with each molecule bearing one unpaired electron. The resulting best structure is shown in figure 2 and was found to belong to the monoclinic space group P 2 1 /c (no. 14; optimized lattice parameters: a = 7.217 A, b = 12.989 A, c = 16.561 A and β = 89.67°; see table A2 ). All atoms are located on the general Wyckoff position 4e so that all four molecules in the unit cell are symmetryequivalent. The structure can be described as an arrangement of π-stacked layers in approximatively [101] direction where each unit cell contains two of the layers, resulting in a calculated interlayer distance of d calc = 3.315 A. This value agrees well with the most intense reflection in the calculated XRD pow- der diffractogram (at 2θ = 26.87°for Cu α irradiation; see figure A1 ) and is furthermore in excellent agreement with the main feature of published measured XRD pattern at d exp = 3.32 A. Within the layers, the molecules align to optimize the electrostatic interaction between the partial charges of the single molecules: where within one strand of molecules the dipoles all point in the same direction, their direction are inverted in the neighboring strands; in addition there are further close contacts between the carbonyl oxygen atoms and the central sulfur atoms of the positively charged bis-TTF unit.
In the next step, the electronic structure of this phase was analysed by eDOS and band structure calculations. As shown in the right panel of fig. 3 , a finite eDOS was found for the α-electrons at the Fermi level, where the main contribution to corresponding bands comes from the 2p (C) and 2p (S) orbitals. No substantial contribution of other orbitals to these bands was observed, and the remaining eDOS is due to delocalized states between the molecules. These findings are furthermore in good agreement with the electronic structure of the isolated molecules whose frontier orbitals are of π(C-S)/π(C-C) character. Together with the small intralayer distance of 3.32 A, it is reasonable to assume a good overlap between the πsystems of the individual molecules which would lead to a high conductivity perpendicular to the layers, i.e. in [101] direction.
This question was further investigated by calculating the electronic band structure along k-lines which were chosen to represent paths between [Γ-A(½,0,½)] as well as within in the layers [Γ-Z(0,½,0)-F(0.09495,0,-½)-Γ], where the k-points of the latter line describe a triangle with in the (010) layers (left panel of figure 3 ). Corroborating the initial assumption, a steep band crosses the Fermi level on the interlayer path, which results in a high conductivity in perpendicular to the layers. By contrast, the much smaller slopes of the bands at the Fermi level, hint at low -but nevertheless nonvanishing -intralayer conductivity.
A more detailed estimation of the conductivity of the crystals was obtained from σ = e 2 τ /m * , where e is the elementary charge, τ the relaxation time and m * the effective mass of the electron. According to
, an effective mass of m * ≈ 1.7 m el was calculated from the second derivative of the band crossing the Fermi level on the Γ-A path. Together with a typical relaxation time in organic single crystals of 200 fs at 300 K, 11 an upper limit of σ ≈ 2 × 10 6 S cm −1 was estimated for the conductivity of single crystal TED. Additional scattering at the grain boundaries of the poorly crystalline sample for which the conductivity measurements were made, account for the much lower value found in the experiment.
Summary
In conclusion, our predicted crystal structure is consistent with the experimental findings: Both the experimentally observed 'flat layered structure' and the main feature of the powder diffractogram agree well with our calculations, and our structure data could be used for solving the crystal structure of TED by Rietveld methods. In addition, our electronic structure calculations support the description of the TED radical as the first example of an organic metal consisting of only one molecules. The measured copper-like conductivities can thus unambiguously assigned to a true metallic behavior of TED. Based on these results, it can be expected that similarly high conductivities can be achieved for other π-stacked organic crystals with an open-shell π-system which might thus serve as a design principle when searching for highly conducting pure organic materials. 
Computational details
All molecular DFT calculations were carried out within the generalized gradient approximation (GGA) using the B3LYP hybrid functional [12] [13] [14] together with the RI approximation 15 as implemented in the Turbomole 7.3. suite of programs. 16 The def2-TZVP valence basis sets and the corresponding auxiliary basis sets were used for all elements. 17, 18 The effect of a dielectric medium was simulated using the conductor-like screening model (COSMO) 19 with different permittivities. The prediction of the crystals structure was done using the USPEX code, 7-10 based on an evolutionary algorithm which features local optimizations of a large number of trial structures. Starting from an initial population of 30 randomly generated structures ('individuals') in the first iteration ('generation'), each subsequent generation with 25 individuals was created by applying different variation operators to the best structures of the previous generation. This was repeated until convergence of the associated energies which were evaluated using an external code: Six successive structure optimizations with increasing accuracy were performed for each individual generated by USPEX, using version 5.4.1 of the Vienna ab initio structure package (VASP). [20] [21] [22] [23] The exchange correlation energies were calculated at the spin-polarized DFT level using the GGA functional PBE, 24, 25 and the obtained energies were corrected for long-range dispersive interactions using Grimme's D3 method with a Becke-Johnson damping. 26, 27 Plane wave basis were used to construct the Kohn-Sham orbitals, the core regions of which were described by projector-augmented wave (PAW) potentials. A Gaussian smearing of σ = 0.1 and Γ-centered k-grids were used in all calculations. For the sixth and final structure optimizations, a kresolution of 0.05 2π A −1 was used together with an energy cutoff of 520 eV, and energies were converged to 5 × 10 −5 eV. The last structure relaxation was then followed by a single point energy calculation using a k-resolution of 0.02 2π A −1 , an energy cutoff of 600 eV and a convergence criterion of 2 × 10 −5 eV. The predicted best structure was then optimized within the restrictions of the P 2 1 /c space group, and the resulting atomic positions were used for subsequent eDOS and band structure calculations. The eDOS was computed using an energy cutoff of 600 eV and a k-resolution of 0.0125 2π A −1 .
The self-consistent charge densities of the eDOS calculation were then used to obtain the eigenvalues at k-points used in the band structure plot. 
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